Proteoglycan was prepared from three pools of normal human intervertebral discs by extraction with buffered 4M-guanidinium chloride followed by CsCl-density-gradient ultracentrifugation. Chromatography on agarose (Bio-Gel A-150m) and on DEAEcellulose suggested a single polydisperse proteoglycan species. The intrinsic viscosities of three preparations were 166, 122 and 168ml/g. After degradation with 0.5M-KOH containing 0.02M-NaBH4, the glycosaminoglycans were recovered quantitatively and their Ca2+ salts separated into a hexuronate-rich fraction (fraction 1), which was precipitated in 0-45 % (v/v) ethanol, and a hexose-rich fraction (fraction 2), which was precipitated in 45-70% (v/v) ethanol. Qualitative and quantitative analyses of the glycosaminoglycans revealed fraction 1 to be chondroitin sulphate, and fraction 2 to be keratan sulphate; the latter was contaminated with protein and possibly a small amount of another glycosaminoglycan. For both glycosaminoglycans, plots of log(mol.wt.) against weight fell close to a normal distribution. The mode for chondroitin sulphate was close to 20000; that for keratan sulphate, 10000. A threefold range of molecular weight included the central 16-84% [±1 S.D. of log(mol.wt.)] of the weight of both fractions.
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The proteoglycan of the human intervertebral disc is generally considered to be comprised of mainly chondroitin 6-sulphate and keratan sulphate linked to a common peptide core (Davidson & Woodhall, 1959; Antonopoulos, 1965; Lyons et al., 1966; Heinegard & Gardell, 1967; Gower & Pedrini, 1969) . Most proteoglycans studied previously have been heterogeneous (Sajdera & Hascall, 1968) , and there is a small, but distinct, fraction of the proteoglycan of the human intervertebral disc that occurs as an aggregate (Emes & Pearce, 1975) . There was clearly a need for investigation of the chemical constitution of the proteoglycans of the human intervertebral disc and the results of this study are presented here.
Materials and Methods Materials
The CsCl used was technical grade (Kawecki Berylco Industries Inc., Revere, PA, U.S.A.). Guanidinium chloride was prepared from guanidinium carbonate (Kawahara & Tanford, 1966) . Chondroitin 6-sulphate was from Kaken-Yaku Kaku Co., Tokyo, Japan; corneal keratan sulphate was a gift from Dr. Karl Meyer (Yeshiva University, New York, U.S.A.). Chondroitinase ABC, 2-acetamido-2-deoxy-3 --(f-D-gluco-4-enepyranosyluronic acid)-4O-sulphato-D-galactose (ADi-4S), 2-acetamido-2-deoxy-3-0-(i-D-glucD--4-enepyranosyluronic acid)-6-0-sulphato-D-galactose (ADi-6S) and 2-acetamido-2-deoxy-3-0-(,B-D-gluco-4-enepyranosyluronic acid)-D-galactose (ADi-OS) were from Vol. 157
Miles Laboratories, Kankakee, IL, U.S.A. Chondroitin 4-sulphate fractions were a gift from Dr. Ake Wasteson (Royal Veterinary College, Uppsala University, Uppsala, Sweden); fraction 1, A, 35800; fraction 3, R,, 19200; fraction 8, Mw 12400; fraction 10, Mw 4800 (Wasteson, 1971) . 3H20 was from New England Nuclear Canada, Dorval, P.Q., Canada, and diluted to 5O,uCi/ml. All other chemicals used were reagent grade.
Physical methods
Protein was detected by the measurement of E230 or E280 with a Beckman DU spectrophotometer. Density was measured by weight in a 100p1 Kirk ultramicropipette; the calibration was checked with water. 3H radioactivity was measured in a Unilux II liquid-scintillation counter (Nuclear-Chicago); lOmI of Aquasol Universal LSC Cocktail (New England Nuclear) was added to 1 ml of an aqueous solution and mixed thoroughly.
Analytical methods
Hexuronate was measured by the carbazole/ borosulphuric acid method (Bitter & Muir, 1962) with sodium glucuronate monohydrate (Corn ProductsRefiningCo.,NewYork, NY, U.S.A.) standard. Hexose was measured by the phenol/H2SO4 reaction (Dubois et al., 1956) (Pearce et al., 1968) . Hexosamine was determined as described by Roseman & Daffner (1956) by using a glucosamine hydrochloride standard, but without purification of the hydrolysate with cation-exchange resin and with prolongation of the hydrolysis time to 16h in vacuo. Nitrogen was measured by a micro-Kjeldahl Nesslerization procedure (King, 1951) .
Specimens
The lumbar spine was collected post mortem from men aged 40-60 years who had died of some acute incident without evidence of chronic disease or of disease affecting the spine. As soon as possible after death, usually about 24h, the discs were dissected carefully and stored at -20°C in a sealed container until processing could begin. Three pools, each containing both the nuclei pulposi and annuli fibrosi, were used: pool 1, L1-L2 discs from three individuals; pool 2, three unidentified discs from a single individual; pool 3, L3-L4 and L4-L5 discs from a single individual. (L1-L2 refers to the disc between the first and second lumbar vertebrae, etc.)
Preparation ofproteoglycan
The method was essentially that used by Hascall & Sajdera (1969) for the 'proteoglycan subunit' of bovine nasal cartilage. The tissue, finely minced in a Latapie mill (A. H. Thomas Co., Philadelphia, PA, U.S.A.), was extracted with 15 ml of 4M-guanidinium chloride containing 0.05 M-sodium acetate buffer, pH5.8/g fresh wt. The extract, after the clarification and the addition of CsCl, was centrifuged for 48h at 20°C and 35500rev./min in a type 50 rotor in a Beckman model L preparative ultracentrifuge; 2ml fractions were collected separately from each tube and analysed for hexuronate, E280 and density. A 9mm spacer was used in the cell for the absorbance measurements. The bottom 2ml fractions from ten tubes were pooled, dialysed against several changes of water at 4°C, and stored at -20°C. Five batches of proteoglycan were prepared, three from pool 1, and one each from pools 2 and 3.
Dry weight and analysis ofproteoglycan
A portion of the proteoglycan containing about 10,umol of hexuronate was converted into its sodium salt by dialysis with gentle stirring at 4°C for 24h each against two changes of I00vol. of 1 M-NaCl and then against three changes of 100vol. of water. The nondiffusible material was transferred to a weighing bottle, previously dried and weighed, and freezedried. The proteoglycan was dried further over P205 in vacuo until the weight was constant within 0.1 mg, dissolved in Sml of water and analysed for hexuronate, hexose, hexosamine and nitrogen.
Viscosity
The methods used were essentially those of Hascall & Sajdera (1969 , 1970 , with as a solvent 0.05M-sodium acetate, pH5.8/0.2M-NaCl. The concentration of proteoglycan was measured by analysis for hexuronate. The factor 0.917mg per ,umol of hexuronate was used to calculate the weight of the proteoglycan (see Table 1 ).
Degradation of the proteoglycan and fractionation of the glycosaminoglycans
The proteoglycan was degraded by treatment with alkali in the presence of NaBH4 . A portion of the proteoglycan containing 20-30umol of hexuronate was mixed with an equal volume of 1 M-KOH containing 0.04M-NaBH4. The reaction mixture was stirred at 4°C for 10 days and adjusted to pH5 with acetic acid. An equal volume of 0.6M-calcium acetate in 1M-acetic acid was added, followed by ethanol to give a concentration of 75 % (v/v). The mixture was left at 4°C overnight, when glycosaminoglycans were removed by centrifugation, followed by washing twice with 75 % (v/v) ethanol and once with ethanol. The product was dried in vacuo and dissolved in 10ml of water. Two 500,ul portions were used to test the optimal conditions for the separation of chondroitin sulphate and keratan sulphate; these are described in the legend of Fig. 4 . To the remainder, cold ethanol was added to give a final concentration of 45 % (v/v) and, after the mixture had been left for 2-4h at 4°C, the precipitate was collected by centrifugation for 30min at 2900g and 4°C (fraction 1). Further ethanol was added to the supernatant to give a concentration of 70% (v/v). The precipitate was collected after leaving overnight at 4°C (fraction 2).
Both precipitates were washed with 75 % (v/v) ethanol and then with ethanol and dried in vacuo.
Each fraction was dissolved separately in 0.05M-Tris/HCI, pH7.0, which also contained 0.2M-NaCI, and applied to a column (25mmx85mm) of Sephadex G-200 equilibrated with the same buffer; 15ml fractions were collected and analysed for hexuronate (fraction 1) or hexose (fraction 2). The tubes corresponding to the peak were pooled, then concentrated to about 6ml by pressure ultrafiltration by using a UM2 membrane (Amicon, Lexington, MA, U.S.A.); 0.3mmol of acetic acid/ml was added, 1976 andtheglycosaminoglycanwasprecipitatedwith3 vol. of ethanol.
Characterization of the glycosaminoglycans An aqueous solution of each preparation was analysed for hexuronate, hexose, hexosamine and nitrogen. The unused portion of the hexosamine hydrolysate was dried and analysed by descending chromatography on Whatman no. 1 paper by using the solvent system of Fischer & Nebel (1955) and staining with silver [Block et al. (1958) ; recommended method, modified by substitution of dipping in 0.08M-NaOH in ethanol for spraying with NaOH]. Other portions of the glycosaminoglycan preparation were examined by digestion with chondroitinase ABC (Saito et al., 1968) , and by t.l.c.; the details are given in the legends to Figs. 6 and 7 respectively. A portion of the glycosaminoglycan containing 0.2-1.Opmol of hexuronate or hexose was treated with 2M-trifluoroacetic acid at 100°C for 3h, dried, treated with 3.9M-NaNO2 in 0.28M-acetic acid at 22°C for 10min, freed of cations on a column (4mmx75mm) of AG50 resin (H+ form) (Bio-Rad, Richmond, CA, U.S.A.) and of excess of HNO2 by drying six times with methanol, then treated again with 2M-trifluoroacetic acid at 100°C for 4h (Hook et al., 1974) . to the column and assay of appropriate 5 ml fractions for E620 or radioactivity. Chondroitin 4-sulphate preparations of known molecular weights were applied to the column and their elution volumes (V,) were used to calculate partition coefficients by the equation Kav. = (Ve-Vo)/(Vt-Vo) (Laurent & Killander, 1964) .
Portions of fraction 1 or fraction 2 containing 3-5,umol of hexuronate or hexose were applied to the calibrated Sephadex column. Each 5ml fraction was analysed for hexuronate (fraction 1) or hexose (fraction 2). A value for Kay. was calculated for each tube and, by using the values relating Ka. to molecular weight, the average molecular weight of each fraction was obtained (Wasteson, 1971) .
Results and Discussion

Proteoglycan preparation
The distributions of hexuronate, protein (i.e. material absorbing at 280nm) and density shown Vol. 157 in Fig. 1 are typical results of the density-gradient ultracentrifugation and similar to those described by Hascall & Sajdera (1969 , 1970 for the proteoglycan of bovine nasal cartilage. The bottom fractions from pools 1, 2 and 3, which were used as the proteoglycan preparations, contained 65.9±1.7 (10), 60.6±2.3 (10) and 59.5±2.3 (10) % of the total hexuronate in the tubes respectively (results are means±S.D., with the numbers of tubes in parentheses). The percentage of the hexuronate recovered as proteoglycan differed for the three pools (P<0.001, by an F-test after an analysis of variance; Snedecor, 1946) .
Homwgeneity
The proteoglycan of bovine nasal cartilage has a Gaussian distribution of molecular weights, the larger members of the species showing a higher ratio of chondroitin sulphate to protein (Hascall & Sajdera, 1970) . Similarly, a monotonic distribution of a property related to molecular weight could be regarded as evidence of a single species of polydisperse macromolecule.
A variety of media were assessed for the demonstration of the distribution of molecular sizes of the proteoglycans. Sepharose 4B (Pharmacia) and Bio-Gel A-50m (Bio-Rad) gave an early sharp peak followed by a broad peak, suggesting partial exclusion ofthe proteoglycan from the gel. Only the most porous of the commercially available gels, Bio-Gel A-50m, yielded a smooth elution curve (Fig. 2) . The fractions were analysed for hexuronate, hexose and E230. The recoveries of hexuronate and hexose were 93 % and 106% respectively. The hexose and the hexuronate profiles paralleled each other rather closely, indicating a ratio of keratan sulphate to chondroitin sulphate reasonably independent of molecular size. In the interpretation of these results, the contribution of hexuronate to the colour with the phenol/H2SO4 reaction should be considered since it amounts to 46% of that of an equimolar amount of galactose (see the Materials and Methods section). The appreciable lag of the E230 peak behind the hexose and hexuronate peaks was reflected in the sharply increasing ratio of absorbance to hexuronate with decreasing molecular size. The data shown in Fig. 2 were obtained from proteoglycan prepared from pool 3. Hexose analyses were not done on the fractions derived from the proteoglycan of pool 1, but the ratio of absorbance to hexuronate showed a similar trend. A portion of the proteoglycan of pool 3 containing 12.8pumol of hexuronate in water was applied to a column (25rmmx 150mm) of Whatman DE32 (C1-form) and eluted with a gradient formed with 200ml of water in a proximal beaker and 200ml of 2M-NaCl in a distal beaker. Fractions (15ml) were collected and analysed for E230 (a), hexose (b) and hexuronate (c); histograms show the measured values; * shows values relative to hexuronate. The elution was continued with a gradient formed with 150ml of 2M-NaCl and 150ml of4M-NaCl. Every fifth tube was analysed for Cl-(o).
followed each other closely, although the hexose values were somewhat more irregular than with the other two preparations. However, the material absorbing at 230nm showed an irregular multimodal profile.
Ion-exchange chromatography on DEAE-cellulose was used as a second test for heterogeneity (Fig. 3) . The hexuronate appeared as a sharp peak with a maximum at a Cl-concentration of 0.56M. The recoveries of hexuronate and hexose were 54% and 35 % respectively. Extension of the gradient with the hope of improving recoveries yielded a small peak. Elution Vol. 157 of the column with 0.1 M-HCl released a third, somewhat smaller, peak. Neither treatment improved the recovery substantially. Probably the poor recovery and the delayed release of bound material were related to the slowly reversible binding ofproteoglycan to the exchanger, a phenomenon described by Hallen (1974).
The hexose peak paralleled the hexuronate closely. Further, the ratio ofhexose to hexuronate varied over a relatively small range, indicating a relatively constant ratio ofkeratan sulphate to chondroitin sulphate in fractions of differing affinity for the ion-exchanger.
A peak absorbing at 230nm was eluted slightly before lower concentrations. The values for apparent shear stress were corrected for non-Newtonian behaviour and the corrected data were fitted to a third-order polynomial by using the approach suggested by Hascall & Sajdera (1969) . The corrections ranged from zero to 1.2%. The plots were almost linear, corresponding to the observed small magnitude of the terms higherthan first-order. Thezero-order term was also small relative to the shear rate. The viscosity at zero shear was taken to be the reciprocal of the firstorder coefficient which represents the limiting slope of the curve as the shear stress approaches zero. The reduced viscosity for each concentration was calculated from these viscosity values. The reduced viscosity and concentration values were then fitted to a second-order Huggins' equation (Hascall & Sajdera, 1970 ) from which the intrinsic viscosity was obtained. Values of 166, 122 and 168 ml/g of proteoglycan were obtained for the preparations from pools 1, 2 and 3 respectively. These compare with the value of 131 ml/g reported by Hascall & Sajdera (1970) for a similar preparation from bovine nasal cartilage.
Fractionation of the glycosaminoglycans
The characterization and measurement of the molecular size distributions of the glycosaminoglycan components of the proteoglycans required that they be separated both from the peptide core and from each other. The fractionation of the calcium salts of the glycosaminoglycans with ethanol seemed likely to achieve this separation (Meyer et al., 1956 ). Three preparations of proteoglycan, degraded under the conditions recommended by , were examined after neutralization with acetic acid.
Results similar to those shown in Fig. 4 were obtained with each preparation. Two distinct fractions were formed. One, precipitated between 30% and 40% (v/v), was rich in hexuronate. The second, precipitated between 45% and 70% (v/v) ethanol, was rich in hexose. Thus the first fraction appeared to be chondroitin sulphate and the second keratan sulphate.
Identities ofthe glycosaminoglycan fractions
The calcium salts of the glycosaminoglycans were prepared after cleavage from the disc proteoglycan and were recovered by precipitation with ethanol. The average recovery of hexuronate was 97%, and that of hexose, 86 % ( Table 2 ). The mixed glycosaminoglycans were fractionated with ethanol by using the conditions developed during the pilot experiments described above. Fraction 1 was precipitated between 0 and 45 % (v/v), and fraction 2, between 45 and 70 % (v/v) 1976 ethanol. The average overall recovery of hexuronate was 104%, and that of hexose 80% (Table 2 ). The relatively poor recovery of hexose appeared to be due to incomplete precipitation of the keratan sulphate in 70% (v/v) ethanol, since in one experiment the remaining hexose was found in the supernatant.
The identities and purities of fractions 1 and 2 were examined. The separated fractions were purified by gel chromatography and concentrated by ultrafiltration. After recovery, each fraction was analysed for hexuronate, hexose, hexosamine and nitrogen (Table 3) . After correction ofthe hexuronate and hexose values for mutual interference, hexuronate and hexosamine were seen to be the predominant monosaccharides of fraction 1, and hexose and hexosamine of fraction 2.
The presence of protein in the fractions was suggested by the molar excess of nitrogen over hexosamine. The approximate protein content of a fraction was calculated by multiplying the nonhexosamine nitrogen (in mg) by 6.25. The chondroitin sulphate content was calculated by multiplying the hexuronate (in mol) by the formula weight of the repeating unit, the anhydro form of sodium glucuronosyl N-acetylgalactosamine sulphate (in mg/pmol), and similarly the keratan sulphate content by multiplying the hexose by the formula weight of the anhydro form of sodium galactosyl N-acetylglucosamine sulphate. The protein contents of the fractions 1 were 2.7, 3.7 and 2.0%, and of fractions 2 were 8.6, 9.1 and 12.8% for the preparations from pools 1, 2 and 3 respectively. The non-hexosamine nitrogen was not decreased by treatment of the fractions with NaOH, phenol and trichloroacetic acid as described by Pearce & Mathieson (1967) ; that w0, U. Table 3 . Quantitative analyses ofglycosaminoglycanfractions The fractions 1 and 2, described in Table 2 , were chromatographed on Sephadex G-200 and the hexuronate-(fraction 1) or hexose-(fraction 2) rich peaks were concentrated by pressure ultrafiltration on a UM2 (Amicon) membrane. Analyses of the ultrafiltrate indicated that no losses had occurred. The ultrafiltration residues were analysed. The hexuronate and hexose contents were corrected as described in the Materials and Methods section. (Block et al., 1958) . The shading is intended to convey the intensity of the stain. 0, origin. present in the fractions represented 28.4, 9.1 and 25.4 % of that of the parent proteoglycans of pools 1, 2 and 3 respectively. These data suggest that the glycosaminoglycans had not been completely separated from the protein core. Because of the limited specificity of the colorimetric analyses, qualitative procedures were used to examine the identities of the two fractions and to test for possible cross-contamination. Paper chromatography of a hydrolysate showed galactosamine as the sole constituent of fraction 1; glucosamine was the principal constituent of fraction 2, but smaller amounts of galactosamine and galactose were also present. Degradation of the glycosaminoglycan under the conditions found optimal for heparin and heparan sulphate (Hook et al., 1974) seemed likely to reveal the constituent non-hexosamine monosaccharides without hydrolytic loss of the hexuronates and galactose (see Fig. 5 ). Analysis of fraction 1 showed glucuronic acid to be the principal constituent, with traces of a moiety moving similarly to galactose, a known constituent of the linkage region of cartilage proteoglycan (Roden, 1970) . Other slow-moving components suggestive of disaccharides and higher oligosaccharides were present. Fraction 2 showed galactose as the principal constituent, with a slightly more rapidly moving component and traces of glucuronic acid. DigestionwithchondroitinaseABCfollowedbypaper chromatographywas used to examine the disaccharide components of the susceptible glycosaminoglycans (see Fig. 6 ). Fraction 1 gave a single u.v.-absorbing spot moving close to, but slightly faster than, ADi-6S; the increased mobility was confirmed by co-chromatography with a standard. No spot was seen after digestion of fraction 2, with the exception of a faint trace of ADi-6S for the preparation from pool 2. As shown in Fig. 7 Each glycosaminoglycan preparation was applied to the calibrated column and a partition coefficient calculated for each tube containing hexuronate or hexose. The coefficient was used to calculate the average molecular weight of the glycosaminoglycan in the tube by using the equation given above. A plot of the hexuronate or hexose content against the logarithm of the molecular weight was symmetrical about the mode. Further, a plot of the probit of the hexuronate or hexose content, against the logarithm of the molecular weight was close to linear (see Fig. 8 ). Thus the distributions could be described by the logarithm of their molecular weight and its standard deviation, corresponding to the 50, 16 and 84% points of the molecular weight distribution. Such data are given for each of the glycosaminoglycan fractions in Table 4 . Insufficient keratan sulphate fraction of pool 2 remained after analysis to permit chromatography.
General Discussion
The observation that most of the proteoglycan of the human intervertebral disc could be isolated in a non-aggregated form (Emes & Pearce, 1975) prompted the present study of its constitution. Heinegard & Gardell (1967) had previously isolated essentially all the proteoglycan of the human disc by fractionation of its cetylpyridinium complex on a cellulose column. Earlier studies of the proteoglycans from bovine disc had implied the existence of several fractions of significantly differing composition (Rosenberg & Schubert, 1967) .
Tests for homogeneity suggested the presence of a small amount of protein contamination and the calculated protein content of our preparations appeared to be slightly higher than the values reported by HeinegArd & Gardell (1967) . Our values were distinctly lower than those reported by Gower & Pedrini (1969) for fraction PP-L, but compared closely with those of Lyons et al. (1964 Lyons et al. ( , 1966 for the same preparation. The division of the proteoglycan into two fractions, PP-L and PP-H, by the latter group of workers does not appear to reflect an intrinsic difference in the molecules detectable by ion-exchange or gel chromatography. The ratio of hexose to hexuronate obtained by our analyses agreed with that reported by others (Lyons et al., 1964 (Lyons et al., , 1966 Heinegird & Gardell, 1967; Gower & Pedrini, 1969) .
Our data support the commonly accepted model of the proteoglycan comprising a common peptide core to which chains of chondroitin sulphate and keratan sulphate are attached. The proteoglycan molecules differed primarily in the ratio of glycosaminoglycan to peptide. A l S.D. range oflog(mol.wt.) 10-4x Mol.wt. Fig. 8 Degradation of the proteoglycan with alkaline NaBH4 was undertaken because detailed studies had indicated that the glycosaminoglycans were cleaved quantitatively from the peptide core Hopwood & Robinson, 1974) . Also, Mathews (1971) had shown for several proteoglycans that treatment with mild alkali left a single chondroitin sulphate chain with a few associated amino acids. Therefore the residual tightly bound non-hexosamine nitrogen in our preparations was surprising. If single chains were produced by the degradation, the observed molecular weights would have included the small contribution of the attached peptide chains. However, if the residual peptide linked more than one chain, the molecular weights have been seriously overestimated.
Most of the analyses of fraction 1 corresponded to those expected for a chondroitin sulphate. However, on chromatography, the products of digestion with chondroitinase ABC moved differently from ADi-6S, the expected product from chondroitin 6-sulphate, suggesting that the sulphate group may not be located as suggested by the i.r. spectrum (Antonopoulos, 1965) . The glycosaminoglycan of fraction 2 appeared to be keratan sulphate, with some contamination with a glucuronate-containing species. The absence of chondroitin 4-sulphate and hyaluronate from these preparations was surprising, since both have been reported to be present in the disc (see, e.g., Antonopoulos, 1965) . The disc specimens collected by other workers may have been contaminated with the cartilage from the surface of the vertebral body, a common difficulty with dissection. Alternatively, these glycosaminoglycans may have been included in the lower-density fractions during densitygradient ultracentrifugation.
